In-well pumping of InGaN/GaN vertical-external-cavity surface-emitting lasers In-well-pumped blue InGaN/GaN vertical-external-cavity surface-emitting lasers are demonstrated. The laser structures were grown on bulk GaN substrates by using metal-organic vapor phase epitaxy near atmospheric pressure. The active zone consisted of up to 20 InGaN quantum wells distributed in a resonant periodic gain configuration. High-reflectivity dielectric distributed Bragg-reflectors were used as mirrors. Laser emission with a single longitudinal mode at 440 nm was achieved by exclusively pumping the quantum wells with the 384 nm emission line of a dye-/ N 2 -laser. Vertical-external-cavity surface-emitting lasers (VECSELs), also called thin-disk lasers, combine desirable features from several types of solid-state laser devices.
1 Both high optical output power of several hundred Watts and a nearly diffraction limited beam quality can be simultaneously achieved. 2 Moreover, the comparatively long resonator with an external cavity allows the insertion of additional optical components, such as non-linear crystals for intra-cavity frequency doubling. Whereas high-performance VECSELs have been demonstrated in the group III-arsenide and -phosphide material systems, 3 GaN-based devices are at an early stage of development. 4, 5 In this letter, we demonstrate blue InGaN/GaN multiple quantum well (MQW) VECSELs, which were grown on bulk GaN substrates with distributed quantum wells (QWs) and were resonantly pumped.
Two critical issues must be addressed to realize a highperformance vertically emitting laser. The limited amount of gain medium dictates high gain within the active zone and highly reflective mirrors. It remains challenging to realize high-quality distributed Bragg reflectors (DBRs) within the nitride material system. Even for electrically driven GaNbased vertical-cavity surface-emitting lasers (VCSELs), electrically isolating dielectric DBR mirrors are used and intricate processing steps are applied to allow current-injection, 6 even though epitaxially grown, electrically conductive DBRs would be preferred. While dielectric DBRs are disadvantageous for electrically operated VCSELs, they are fully compatible with optically pumped devices. The other critical issue, providing high gain, can be addressed by an optimal structural design and high material quality. In previous studies of GaN-based VECSELs, the gain medium was grown on sapphire substrates and optically pumped from the episide. 4, 5 This pumping arrangement was necessary, because the pump laser emission in those studies was fully absorbed within the GaN buffer layer. Therefore, these devices were not well suited for good thermal management, which is essential for continuous wave (cw) operation: (1) the wellknown inferior crystalline quality of GaN on sapphire is manifest by high non-radiative recombination, which directly contributes to heat generation, and (2) pumping from the epi-side prohibits the placement of heat spreaders close to the active zone.
In the present study, the laser gain structures were grown on single-crystal GaN substrates to achieve high crystalline quality. In addition, the gain chips were pumped through the GaN substrate with the 384 nm emission line of a dye-/N 2 -laser, so that free carriers were generated exclusively within the QWs. This approach allows effective thermal management by enabling the insertion of a large-area heat sink close to the active zone and by minimizing the effective Stokes shift that arises from the energy difference between pump energy and VECSEL emission energy. 7 Furthermore, the in-well pumping is expected to create a more uniform carrier distribution among the QWs in comparison to barrier pumping, which offers more freedom in the structural design and can benefit the overall VECSEL performance.
The gain chips were grown by metal-organic vapor phase epitaxy (MOVPE) near atmospheric pressure. Bulk GaN wafers were used as a substrate. Ten periods of InGaN double quantum wells were deposited in a resonant periodic gain scheme, so that the positions of the QWs aligned with the anti-nodes of the electric field pattern of the laser mode. A dual-dielectric-DBR with center wavelength of 450 nm was deposited on the epitaxial side of the samples. The substrates were then thinned by polishing to a thickness of less than 100 lm.
Two different test devices were fabricated. For an initial demonstration of the functionality of the gain chips, on the first test device, the second DBR was directly deposited on the polished back surface of the bulk GaN substrate. Consequently, this test device did not contain an air gap between the two DBR mirrors and is designated a V(E)CSEL. For the second test device, the second DBR mirror was deposited onto a quartz plate, which was used as the external mirror. The air gap between the gain chip and the external mirror was adjustable. The use of excitation pulses of short duration (few ns) set a limit on the length of the resonator cavity. 5 A dye laser pumped with a N 2 -laser and emitting at a wavelength of 384 nm was used as the excitation source. The laser pulse width was 4 ns with a repetition frequency of 20 Hz. The laser beam was focused onto the gain chips, and neutral density filters were used to vary the incident pump power.
The high material quality of the gain chips was confirmed by structural and optical characterization methods. Highresolution x-ray diffraction measurements in combination with transmission electron microscopy investigations were used to optimize the structural properties. Special care in the growth process was taken to create sharp layer interfaces and to avoid the development of extended defects like V-defects. The root mean square (rms) surface roughness of the epitaxial surface was determined to 0.15 nm for a 2 lm Â 2 lm scan from atomic force microscopy (AFM). The internal quantum efficiency (IQE) of the samples was determined by temperature-dependent photoluminescence measurements. The IQE of the laser samples exceeded 50%. Figure 1 shows the laser emission spectrum of the V(E)CSEL with the emission peaking at a wavelength of 453.7 nm. Multiple longitudinal modes are clearly visible. The linewidth of the laser modes is smaller than 0.1 nm, which is near the resolution limit of the spectrometer used in this experiment. The mode spacing between the individual lasing modes correlates to the resonator length, 8 which in this case consists of the thicknesses of the thinned GaN substrate and the epitaxial layers. The thickness can be determined to about 73 lm. Figure 2 shows the output power of the V(E)CSEL vs. the peak pump power of the dye laser at room temperature. The peak pump power was determined by measuring the averaged pump power incident on the sample and taking into account the pulse length and the repetition frequency of the pump laser. The threshold pump power can be determined to about 0.75 W. For an estimated pump spot diameter of about 30 lm, the threshold pump power was about 100 kW/cm 2 . Figure 3 shows the lasing spectrum of the VECSEL with the external mirror forming an air gap between the GaN chip and the DBR mirror. As evident in the figure, the optical properties of the laser emission changed significantly. Whereas multiple longitudinal modes were recorded for the V(E)CSEL without air gap, the spectrum of the VECSEL shows just a single dominant longitudinal mode. In addition, the lasing wavelength has shifted to 440 nm. Both features can be explained by considering the additional interface between semiconductor and air. Figure 4 shows a simulation of the cavity modes of the system, which comprises the moveable external mirror, the air gap, the thinned GaN chip, and the epi-side DBR. The lasing wavelength coincides with one of these modes. For comparison, we also show the photoluminescence spectrum of the sample without second DBR under the same excitation conditions as used for the laser operation. As evident in Fig. 4 , the cavity determines the lasing wavelength, which does not necessarily coincide with the peak emission wavelength of the QWs.
In summary, we demonstrated in-well pumping of a blue VECSEL with a single longitudinal mode at 440 nm. The laser heterostructures were grown on bulk GaN substrates to achieve high crystalline quality. The threshold pump power density at room temperature was estimated to about 100 kW/cm 2 for pulsed excitation at 384 nm. Resonant absorption and pumping through the substrate-side benefit thermal management for high power operation, due to the small Stokes shift and the ability to directly mount a heat spreader close to the active zone. The demonstration establishes the viability of the VECSEL approach, when combined with frequency doubling, to realize a compact deep ultraviolet laser source.
